Introduction {#s01}
============

TREM2 is a member of the Ig superfamily that contains an ectodomain, a transmembrane domain, and a short cytoplasmic tail ([@bib4]). In the central nervous system, TREM2 is mainly expressed in microglia and regulates the production of inflammatory cytokines, phagocytosis of apoptotic neuron, and cell survival ([@bib19]). Mutations in the *TREM2* gene have been reported in a spectrum of neurodegenerative disorders, including Nasu-Hakola disease (also known as polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy; [@bib20]; [@bib14]; [@bib18]), frontotemporal dementia ([@bib7]; [@bib3]; [@bib16]), and Alzheimer's disease (AD; [@bib8]; [@bib12]; [@bib10]; [@bib15]). Mutations in TREM2 occur primarily within the ectodomain and have been reported to impair ligand binding or protein maturation ([@bib13]; [@bib1]; [@bib26]).

The arginine 47 to histidine (R47H) substitution in the extracellular immunoglobulin domain significantly increases the risk for AD with an odds ratio similar to that of carrying an apolipoprotein E (*APOE*) ε4 allele ([@bib6]; [@bib8]; [@bib12]). How the R47H mutation modulates disease risk remains to be elucidated; however, existing evidences suggest that it impairs the binding ability of TREM2 to ligands, including phospholipids and apoE ([@bib1]; [@bib2]; [@bib26]). The R62H mutation has also been identified to significantly increase the risk of AD ([@bib10], [@bib11]), whereas the T66M andY38C mutations of TREM2 have been linked to frontotemporal dementia--like syndrome without bone pathology ([@bib7]). Interestingly, these mutations impair the transport and processing of TREM2, as well as TREM2-regulated phagocytic function ([@bib13]).

One intriguing feature of the TREM2 protein is that it undergoes proteolytic cleavage by ADAM proteases, releasing its ectodomain into the extracellular space as a soluble form (sTREM2; [@bib28]; [@bib13]). Importantly, sTREM2 is abundantly detected in human plasma and cerebrospinal fluid (CSF); and its CSF levels are elevated in AD, multiple sclerosis and other neurological inflammatory diseases ([@bib21], [@bib22]; [@bib9]). More interestingly, the amounts of sTREM2 peak in the early symptomatic phase of AD and are positively associated with the amounts of total and phosphorylated tau in the CSF ([@bib22]; [@bib24]). These observations may reflect correlated changes of soluble TREM2 production, microglial activation, and AD-related pathologies. Despite these intriguing findings, it remains unclear what biological or pathological roles sTREM2 plays and how its pathogenic mutations impact these functions. In this study, we examined the effects of sTREM2 on microglial functions using primary cultures and relevant mouse models, and further analyzed the effects of AD-related mutations. We found that sTREM2 has dual roles in promoting the production of inflammatory cytokines and in stimulating microglial survival.

Results and discussion {#s02}
======================

sTREM2 enhances microglial cell viability {#s03}
-----------------------------------------

To define the roles of sTREM2 in microglia, we first assayed the impact of sTREM2 on microglial cell viability. The extracellular domain of TREM2 spanning the N-terminal aa 1--171 was fused with human IgG-Fc and purified from conditioned media of transfected HEK293T cells ([Fig. 1 A](#fig1){ref-type="fig"}). This TREM2-Fc fusion protein was used to mimic the soluble form of TREM2, with Fc alone serving as a negative control. Silver staining of purified proteins under denaturing and reducing conditions in polyacrylamide gels confirmed that the proteins were purified to near homogeneity ([Fig. 1 B](#fig1){ref-type="fig"}). Granulocyte macrophage colony-stimulating factor (GM-CSF) is a known stimulator that promotes the proliferation and cell viability of microglia in primary cultures ([@bib17]; [@bib25]). Interestingly, we found that the presence of sTREM2-Fc fusion protein, but not Fc alone, significantly enhanced the cell viability of primary microglia isolated from WT mice, with an effect similar to GM-CSF ([Fig. 1 C](#fig1){ref-type="fig"}). Intriguingly, sTREM2-Fc fusion protein also increased the cell viability of primary microglia isolated from *Trem2*-KO mice, indicating that the effect was independent of endogenous, full-length TREM2 ([Fig. 1 C](#fig1){ref-type="fig"}). Additionally, the protective effect of sTREM2 on microglial survival was specific for active sTREM2, as the activity was lost upon heat inactivation ([Fig. 1 D](#fig1){ref-type="fig"}). In contrast, sTREM2 had no effect on cell proliferation of primary microglia isolated from either wild-type or *Trem2*-KO mice ([Fig. 1 E](#fig1){ref-type="fig"}). To further dissect the mechanism by which sTREM2 enhances microglial cell viability, we analyzed the effect of sTREM2 on apoptosis induced by GM-CSF withdrawal. We found that sTREM2 administration resulted in attenuation of apoptosis resulting from GM-CSF withdrawal in primary microglia from WT mice, as well as *Trem2*-KO mice ([Fig. 1 F](#fig1){ref-type="fig"}). This protective function was again dependent on active sTREM2, as heat inactivation attenuated the effect. As expected, apoptosis upon GM-CSF withdrawal was markedly increased in primary microglia from *Trem2*-KO mice compared with WT mice ([@bib26]). Interestingly, this effect was fully rescued by sTREM2 administration ([Fig. 1 F](#fig1){ref-type="fig"}). Together, these results indicate that sTREM2 exhibits a protective effect on microglial cell viability through a mechanism that is independent of the endogenous, full-length TREM2. Previous studies have shown that full-length TREM2 provides a signal that is necessary for the survival of microglia at low CSF-1 concentrations ([@bib26]). How TREM2 maintains microglial survival remains to be solved. Based on our data, full-length TREM2 might exert its role in promoting cell survival through its proteolytic product sTREM2. The increased level of apoptosis in *Trem2*-KO primary microglia might be attributed to the fact that those cells are unable to generate sTREM2. In our study, a concentration of soluble TREM2 at 20 nM was used to assess the effects on microglial activity in primary cultured cells. Several recent studies have reported that the levels of soluble TREM2 in the CSF of MCI-AD and AD dementia patients were in the 3--6 ng/ml range (∼0.17--0.33 nM; [@bib5]; [@bib22]; [@bib24]). However, the concentration of soluble TREM2 in the brain, in particular the interstitial fluid remains unknown. Thus, the physiological and pathophysiological relevance of our studies will need to be addressed in future studies under physiologically relevant conditions, including genetic mouse models and perhaps soluble TREM2 isolated from human brains or CSF.

![**sTREM2 promotes cellular viability and suppresses cellular apoptosis in microglia.** (A) Schematic representation of full-length human TREM2 and sTREM2-Fc fusion proteins. SP, signal peptide; ECD, extracellular domain; TM, transmembrane domain. (B) The purified Fc and sTREM2-Fc fusion proteins were analyzed by silver staining. (C) The cell viability of WT and *Trem2*-KO microglia were analyzed after cultured with Fc (20 nM), sTREM2-Fc fusion protein (20 nM), or GM-CSF (25 ng/ml) for 24 h (*n* = 4 per group, one-way ANOVA). The cell viability of Fc-treated WT microglia served as a control. (D) The cell viability of WT and *Trem2*-KO microglia were analyzed after culture with 20 nM active (native) or inactive (heat-inactivated for 1.5 h) Fc or sTREM2-Fc protein for 24 h after GM-CSF withdrawal (at least three repeats per group, unpaired Student's *t* test). The cell viability of active Fc-treated WT microglia served as a control. (E) The proliferation of WT and *Trem2*-KO microglia were analyzed after cultured with Fc (20 nM), sTREM2-Fc protein (20 nM) or GM-CSF (25 ng/ml) for 24 h (*n* = 4 per group, one-way ANOVA). The BrdU incorporation rate of Fc-treated WT microglia served as a control. (F) Microglia from WT or *Trem2*-KO mice were cultured with 20 nM active (native) or inactive (heat-inactivated for 1.5 h) Fc or sTREM2-Fc protein for 24 h after GM-CSF withdrawal. TUNEL staining was then performed and 12 different fields from three independent experiments were selected to quantify the number of TUNEL-positive cells (unpaired Student's *t* test). Data represent mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not significant.](JEM_20160844_Fig1){#fig1}

sTREM2 triggers inflammatory responses in microglia {#s04}
---------------------------------------------------

Given that the CSF levels of sTREM2 are elevated in neuroinflammatory diseases including AD and multiple sclerosis ([@bib21], [@bib22]; [@bib9]), we next investigated whether sTREM2 affects the inflammatory responses in microglia. We treated primary cultures of microglia with increasing doses of sTREM2 and measured the mRNA levels of IL-1β, IL-6, TNF, IL-10, Arginase 1 (Arg-1), and Ym-1 by quantitative real-time PCR. sTREM2-Fc, but not Fc alone, significantly increased the mRNA levels of inflammatory cytokines IL-1β, IL-6, TNF, and IL-10 in a dose-dependent manner ([Fig. 2 A](#fig2){ref-type="fig"}). However, sTREM2 treatment has minimal effects on the expression of Arg-1 and Ym-1, which are M2-specific markers. Therefore, it is unlikely that sTREM2 affects the transcriptional programs globally in microglia. Given that TREM2 is an innate immunoreceptor that inhibits neuroinflammation ([@bib29]), we hypothesized that sTREM2 may act as a decoy receptor that competes with the full-length TREM2 for the binding of ligand, thereby triggering inflammatory responses in microglia. However, the expression levels of proinflammatory cytokines (IL-1β, IL-6, and TNF) in *Trem2*-KO primary microglia were also significantly increased by sTREM2 treatment ([Fig. 2 B](#fig2){ref-type="fig"}). These results indicate that the activation of proinflammatory responses by sTREM2 in microglia occurs through a mechanism that is independent of the endogenous, full-length TREM2. Interestingly, sTREM2 triggered an activated morphology of microglial cells with ovaloid cytoplasm and marked cellular hypertrophy ([Fig. 2 C](#fig2){ref-type="fig"}). Quantitatively, the values for several parameters, including area, diameter, and perimeter, were significantly increased by the presence of sTREM2 ([Fig. 2 D](#fig2){ref-type="fig"}).

![**sTREM2 promotes the production of inflammatory cytokines.** (A) Primary microglia were treated with 4, 20, or 40 nM purified Fc or sTREM2-Fc fusion protein for 4 h. RNA was extracted, and the relative mRNA levels of IL-1β, IL-6, TNF, IL-10, Arg-1, and Ym-1 shown as bar graph were determined by quantitative real-time PCR. β-Actin was used as an internal control (*n* = 3 per group, one-way ANOVA). The mRNA level of 4 nM Fc-treated microglia served as a control. (B) Primary microglia isolated from WT or *Trem2*-KO were treated with 20 nM purified Fc or sTREM2-Fc fusion protein for 4 h. RNA was extracted and the relative mRNA levels of IL-1β, IL-6, and TNF shown as bar graphs were determined by quantitative real-time PCR. β-Actin was used as an internal control (*n* = 3 per group, unpaired Student's *t* test). The mRNA level of Fc-treated WT microglia served as a control. (C) WT or *Trem2*-KO microglia were treated with 20 nM Fc or sTREM2-Fc fusion proteins for 24 h. Microglia were then stained by Alexa Fluor 488--labeled phalloidin. Representative photomicrographs are shown (blue, DAPI; green, phalloidin). Bar, 50 µm. (D) At least 55 cells from three independent experiments were selected to quantify the size of microglia, including area, diameter, and perimeter (unpaired Student's *t* test). Data represent mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20160844_Fig2){#fig2}

We have also generated an untagged version of sTREM2 that can be purified to near homogeneity after TEV cleavage (Fig. S1, A and B). We found that this untagged sTREM2 also promoted the survival of primary microglia and increased the expression of proinflammatory cytokines similar to the Fc-tagged sTREM2 (Fig. S1, C and D). To ensure that the functions of sTREM2 are not specific to the human form, we constructed the mouse form of soluble Trem2 with Fc tag (sTrem2-Fc) and purified the protein to near homogeneity (Fig. S1, E and F). Consistently, this mouse form of sTrem2 significantly inhibited microglial apoptosis and increased the expression of inflammatory cytokines (Fig. S1, G and H). Therefore, the effects of sTREM2 on microglial survival and inflammatory responses are conserved between mouse and human in our experimental systems. In addition, we found that the function of sTREM2 in microglia was independent of DAP12, the adaptor protein that initiates TREM2 intracellular signaling (Fig. S2, A--C).

Collectively, these results support a role of sTREM2 in the activation of microglia. Because TREM2 signaling has been portrayed as antiinflammatory in myeloid cells including microglia, our present results provide a paradigm in which sTREM2 acts independently of, and perhaps plays an opposing role against the full-length TREM2 in regulating inflammatory responses.

sTREM2 activates the Akt--GSK3β--β-catenin and the NF-κB signaling pathways in microglia {#s05}
----------------------------------------------------------------------------------------

Emerging evidence suggests that the Akt--GSK3β--β-catenin pathway plays a critical role in cellular apoptosis ([@bib23]; [@bib31]). Consistently, the higher proportion of apoptotic cells associated with *Trem2*-KO microglia was correlated with reductions of signaling components of the Akt--GSK3β--β-catenin pathway ([Fig. 3, A and B](#fig3){ref-type="fig"}). The levels of phospho-Akt (Ser473), phospho-GSK3β (Ser9), and β-catenin were significantly reduced in *Trem2*-KO microglia, as compared with WT control. We further investigated whether sTREM2 exerts its antiapoptotic effect by modulating the Akt--GSK3β--β-catenin pathway. As shown in [Fig. 3 A](#fig3){ref-type="fig"}, sTREM2 treatment increased the phosphorylation of Akt on serine 473 and the phosphorylation of GSK3β on serine 9. Furthermore, sTREM2 treatment markedly increased the levels of β-catenin in microglia isolated from both WT and *Trem2*-KO mice. Interestingly, the activation of Akt--GSK3β--β-catenin pathway by sTREM2 was attenuated by the presence of a PI3K/Akt inhibitor, LY-294002 ([Fig. 3, C and D](#fig3){ref-type="fig"}). Remarkably, drug treatment reversed the levels of β-catenin, the phosphorylation of Akt on serine 473, and the phosphorylation of GSK3β on serine 9 that were increased by sTREM2 back to the levels in Fc-nontreated group. Under this condition, sTREM2 could no longer rescue microglial cells from apoptosis upon GM-CSF withdrawal ([Fig. 3 E](#fig3){ref-type="fig"}). It was suggested that sTREM2 triggers the activation of ERK1/2 kinase to promote macrophage survival ([@bib27]). However, in our studies, sTREM2 suppressed apoptosis by activating the Akt--GSK3β--β-catenin survival pathway in microglia.

![**sTREM2 activates the Akt--GSK3β--β-catenin and the NF-κB signaling pathways in microglia.** (A) Microglia obtained from WT or *Trem2*-KO mice were treated with 20 nM Fc or sTREM2-Fc protein for 24 h after GM-CSF withdrawal. The protein levels of phospho-Akt (p-Akt, Ser473), total-Akt (T-Akt), phospho-GSK3β (p-GSK3β, Ser9), total-GSK3β (T-GSK3β), and β-catenin were analyzed by Western blotting. (B) Quantification of the relative levels of p-Akt, p-GSK3β and β-catenin (*n* = 4 per group, unpaired Student's *t* test). The protein level of Fc-treated WT microglia served as a control. (C) Microglia from WT mice were pretreated with 25 µM of a PI3K/Akt inhibitor (LY-294002) for 30 min, followed by treatment with 20 nM Fc or sTREM2-Fc protein for 24 h. The protein levels of p-Akt, T-Akt, p-GSK3β, T-GSK3β, and β-catenin were analyzed by Western blotting. (D) Quantification of the relative levels of p-Akt, p-GSK3β, and β-catenin (*n* = 3 per group, one-way ANOVA). The protein level of Fc-treated microglia served as a control. (E) Microglia from WT mice were pretreated with 25 µM of a PI3K/Akt inhibitor (LY-294002) for 30 min, followed by treatment with 20 nM Fc or sTREM2-Fc protein for 24 h. TUNEL assay was then performed and 12 different fields from three independent experiments were selected for quantifying the number of TUNEL-positive cells (one-way ANOVA). (F) Microglia from WT mice were pretreated with 10 µM SP600125, Bay 11--7082, SB203580, or U0126 for 30 min, followed by treatment with 20 nM Fc or sTREM2-Fc protein for 4 h. Real-time PCR analysis was then performed to detect the expression of IL-1β, IL-6, and TNF (*n* = 5 per group, one-way ANOVA). The mRNA level of DMSO- and Fc-treated microglia served as a control. (G) WT microglia were pretreated with 10 µM of a NF-κB inhibitor (Bay 11--7082) for 30 min, followed by treatment with 20 nM Fc or sTREM2-Fc protein for 1 h. The protein levels of phospho-NF-κB p65 (p-p65, Ser536) and total-NF-κB p65 (T-p65) were analyzed by Western blotting. (H) Quantification of the relative levels of phospho-NF-κB p65 (p-p65, Ser536; *n* = 6 per group, one-way ANOVA). The protein level of Fc-treated microglia served as a control. Data represent mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; ns, not significant.](JEM_20160844_Fig3){#fig3}

To identify the signaling pathway that mediates sTREM2-induced proinflammatory responses, we pretreated primary microglia with various compounds that specifically block individual signaling pathways, including the transcription factor NF-κB and each of the major MAP kinase subtypes (ERK1/2, JNK, and p38). The mRNA levels of proinflammatory cytokines (IL-1β, IL-6, and TNF) were not changed in the presence or absence of JNK inhibitor SP600125 ([Fig. 3 F](#fig3){ref-type="fig"}). The inhibitors for p38-MAPK (SB203580) and ERK1/2 (U0126) only significantly decreased the expression level of IL-1β, but not IL-6 and TNF. In contrast, the inhibitor for NF-κB, Bay 11--7082, markedly down-regulated the production of all three proinflammatory cytokines ([Fig. 3 F](#fig3){ref-type="fig"}). Supporting a role of the NF-κB pathway, sTREM2 increased the phosphorylation of NF-κB p65 at serine 536, which is essential for its transcriptional activity ([Fig. 3, G and H](#fig3){ref-type="fig"}). This effect was attenuated by the presence of a NF-κB inhibitor, Bay 11--7082. We next examined whether the internalization of sTREM2 is necessary for its functions in microglia by immobilizing sTREM2 on culture plates (referred to as isTREM2) to prevent its internalization. We found that this form of sTREM2 also significantly increased the mRNA levels of proinflammatory cytokines (Fig. S3, A--C), indicating that sTREM2 may bind to cell surface receptors to initiate its function in microglia without the need for internalization. Collectively, our data suggest a crucial regulatory role of sTREM2 in activating the Akt--GSK3β--β-catenin and NF-κB signaling pathways, which may account for the antiapoptotic and proinflammatory functions of sTREM2 in microglia. Additional work is needed to define the precise molecular pathways downstream of sTREM2 actions.

The AD risk-associated TREM2 mutations impair the functions of sTREM2 {#s06}
---------------------------------------------------------------------

Based on our observation that sTREM2 plays important roles in regulating microglial viability and inflammatory responses, we next investigated whether AD risk-associated variants of TREM2 impair the functions of sTREM2. Arginine residue at aa 47 or 62 substituted with histidine (R47H or R62H) is strongly associated with AD ([@bib8]; [@bib12]; [@bib10], [@bib11]). We generated cDNA constructs and purified sTREM2-Fc fusion proteins carrying the R47H or R62H mutation from conditioned media of transfected HEK293T cells ([Fig. 4 A](#fig4){ref-type="fig"}). The ability of sTREM2 in supporting the antiapoptotic function was markedly reduced by the R47H or R62H mutation compared with that of the WT sTREM2, as measured by TUNEL staining ([Fig. 4 B](#fig4){ref-type="fig"}). In addition, the two AD risk-associated variants partially lost their ability to increase the expression levels of proinflammatory cytokines ([Fig. 4 C](#fig4){ref-type="fig"}). Together, these data suggest that the AD risk-associated R47H and R62H mutations reduce the overall capacity of sTREM2 to enhance cell viability and to trigger inflammatory responses in microglia. Our results may thus constitute previously unknown molecular mechanisms linking TREM2 variants with increased risk of AD.

![**The AD risk-associated variants impair the functions of sTREM2 in microglia.** (A) The purified Fc, sTREM2 WT-Fc (WT), sTREM2 R47H-Fc (R47H), and sTREM2 R62H-Fc (R62H) fusion proteins were analyzed by silver staining. (B) Microglia obtained from WT or *Trem2*-KO mice were cultured with 20 nM Fc, WT, R47H, or R62H protein for 24 h after GM-CSF withdrawal. TUNEL staining was then performed and 12 different fields from three independent experiments were selected to quantify the number of TUNEL-positive cells (one-way ANOVA). (C) Primary microglia from WT mice were treated with 20 nM Fc, WT, R47H, or R62H protein for 4 h. RNA was extracted and the relative mRNA levels of IL-1β, IL-6, and TNF shown as bar graph were determined by quantitative real-time PCR. β-Actin was used as an internal control (*n* = 5 per group, one-way ANOVA). Data represent mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20160844_Fig4){#fig4}

sTREM2 triggers inflammatory responses and leads to microglial activation in vivo {#s07}
---------------------------------------------------------------------------------

To gain a view of the functions of sTREM2 in vivo, we injected sTREM2-Fc protein into the hippocampi of both wild-type and *Trem2*-knockout mice, with Fc alone serving as a control ([Fig. 5 A](#fig5){ref-type="fig"}). The injection of sTREM2 significantly increased the expression of inflammatory cytokines IL-1β, IL-6, and TNF in both wild-type and *Trem2*-knockout mice ([Fig. 5 B](#fig5){ref-type="fig"}), results that are consistent with the effects on microglia in culture. Microglia in the healthy mature CNS typically show a ramified morphology, including a small soma with fine cellular processes. Upon sTREM2 injection, microglia in both wild-type and *Trem2*-knockout mice showed morphological changes consistent with microglial activation, including significantly decreased cell processes and increased cell body size across the CA3, CA2, and CA1 regions ([Fig. 5, C--I](#fig5){ref-type="fig"}). Collectively, these data indicate that sTREM2 triggers inflammatory responses and leads to microglial activation both in vitro and in vivo.

![**sTREM2 protein increases the expression of proinflammatory cytokines and induces morphological changes of microglia in mouse brain.** (A) Fc and sTREM2-Fc proteins were analyzed by Western blotting after injection into the hippocampi of WT or *Trem2*-KO mice. (B) The hippocampi were dissected from Fc- or sTREM2-Fc--injected WT or *Trem2*-KO mice. After RNA extraction, the relative mRNA levels of IL-1β, IL-6, and TNF in the hippocampi shown as bar graph were determined by quantitative real-time PCR. β-Actin was used as an internal control (*n* = 4 per group, unpaired Student's *t* test). The mRNA level of Fc-injected WT mice served as a control. (C) Coronal sections from Fc- or sTREM2-Fc--injected WT or *Trem2*-KO mice were stained with DAPI (blue) for nuclei, TREM2 (green) for sTREM2-Fc protein, and Iba1 (red) for microglia. Representative z stack images of CA3 region are shown. Bar, 50 µm. Iba1-labeled images on the right represent enlarged microglia; bar, 10 µm. (D--I) Analyses of morphological parameters include the area of cell body and total length of processes (D and G for CA3 region, E and H for CA2 region, F and I for CA1 region). At least 30 cells each from three mice were selected to quantify the morphological parameters (unpaired Student's *t* test). Data represent mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20160844_Fig5){#fig5}

In conclusion, our results demonstrate that sTREM2 plays a crucial role in regulating microglial cell survival and inflammatory responses. To our knowledge, this is the first report revealing the biological effects of sTREM2 in microglia. In the context of AD, our most intriguing finding is that the AD risk-associated sTREM2-R47H and sTREM2-R62H variants are less potent in both suppressing apoptosis and triggering proinflammatory responses. Remarkably, our results demonstrate that sTREM2 triggers inflammatory responses and leads to microglial activation in the mouse brain. Collectively, our data suggest that impaired functions of sTREM2 caused by AD-associated mutations may contribute to impaired microglial function in AD and more importantly an exciting possibility that increasing sTREM2 signaling might be an efficacious therapeutic approach to treat AD.

Materials and methods {#s08}
=====================

Reagents and antibodies {#s09}
-----------------------

p38-MAPK inhibitor (SB203580), ERK1/2 inhibitor (U0126), JNK inhibitor (SP600125), NF-κB inhibitor (Bay 11--7082), Akt inhibitor (LY-294002), and DAPI were purchased from Sigma-Aldrich. GM-CSF was purchased from R&D Systems. Kits for Cell Proliferation Assay (MTS), DeadEnd Fluorometric TUNEL System, and TEV protease were purchased from Promega. In Situ Cell Death Detection kit and cOmplete His-Tag Purification Resin were purchased from Roche. BrdU ELISA kit was purchased from Abcam. Protein A Agarose and Alexa Fluor 488 Phalloidin were purchased from Thermo Fisher Scientific. Antibodies for Western blotting used in this study, including anti--Phospho-NF-κB p65 (Ser536), anti--total-NF-κB p65, anti--Phospho-Akt (Ser473), anti--total-Akt, anti-Phospho-GSK3β (Ser9), anti--total-GSK3β, anti--β-catenin, and anti--β-actin, were purchased from Cell Signaling Technology; anti--human TREM2 antibody for Western blotting was purchased from R&D Systems (AF1828). Antibodies for immunofluorescence including anti-Iba1 and anti--human TREM2 were purchased from Wako and Santa Cruz Biotechnology (sc-373828), respectively.

Isolation and culture of mouse primary microglia {#s10}
------------------------------------------------

Primary microglial cultures were prepared as previously described ([@bib30]; [@bib1]). All animal experiments were conducted in compliance with the protocols of the Institutional Animal Care and Use Committee at Xiamen University. In brief, wild-type or *Trem2*-KO mice (C57BL/6N; 3--4 pups) at postnatal day 1--2 were used to prepare mixed glial cultures. Cells were plated onto poly-[l]{.smallcaps}-lysine--coated flasks and grown in DMEM supplemented with 10% FBS (Gibco). After 3 d, medium was changed so that it contained 25 ng/ml GM-CSF and 10% FBS. Primary microglial cells were harvested by shaking (200 rpm, 20 min) after 10--12 d in culture and once every 3 d thereafter (up to four harvests).

Expression and purification of sTREM2 protein {#s11}
---------------------------------------------

The human TREM2 extracellular domain (aa residues 1--171) and its variants (R47H and R62H) tagged with Fc were cloned and purified from the culture media of HEK293T cells, as previously described ([@bib1]). To produce sTREM2 protein without a tag, a TEV-cleavage site was added between sTREM2 and Fc sequence. The sTREM2-TEV-Fc fusion protein was initially purified from the conditioned media by incubating with Protein A agarose and subjected to TEV cleavage. The TEV Protease, which contains an N-terminal His-tag, was subsequently removed by Ni-NTA column after cleavage reaction. The eluted proteins were dialyzed against 1× PBS and filtered through a 0.22-µm filter before use. For heat inactivation, purified Fc or sTREM2-Fc fusion protein was boiled at 100°C for 1.5 h.

RNA isolation and real-time PCR analysis {#s12}
----------------------------------------

Total RNA was extracted from primary microglia or hippocampus using TRIzol reagent (Invitrogen). 1 μg RNA was reverse transcribed into first-strand cDNA using ReverTra Ace qPCR RT Master Mix (TOYOBO) according to the manufacturer's protocol. Quantitative PCR was performed using the FastStart Universal SYBR Green Master mix (Roche). The primer sequences used for Il-1β, Il-6, and β-actin were the same as previously described ([@bib29]). The primer sequences for TNF, Il-10, Arg-1, and Ym-1 were as follows: TNF, forward, 5′-GTCTACTGAACTTCGGGGTGAT-3′, reverse 5′-CTGAGTGTGAGGGTCTGGGC-3′; IL-10, forward, 5′-GCTCTTACTGACTGGCATGAG-3′, reverse, 5′-CGCAGCTCTAGGAGCATGTG-3′; Arg-1, forward, 5′-CACAGTCTGGCAGTTGGAAGC-3′, reverse, 5′-CTTTGGCAGATATGCAGGGAG-3′; Ym-1, forward, 5′-CAGGTCTGGCAATTCTTCTGAA-3′, reverse, 5′-GTCTTGCTCATGTGTGTAAGTGA-3′. All primer sets were purchased from Life Technologies.

Western blotting {#s13}
----------------

Cells were harvested with nonidet-P40 (NP40) lysis buffer (1% NP-40, 50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride supplemented with protease, and phosphatase inhibitors cocktail) and protein concentrations were determined using the BCA protein assay kit according to the manufacturer's instruction (Thermo Fisher Scientific). Equal amounts of total proteins were subjected to sodium dodecyl sulfate-PAGE (SDS-PAGE) and transferred to PVDF membrane (Millipore). Proteins were visualized using ECL Western blotting detection reagents (Millipore). Immunoreactive bands were quantified using ImageJ software (National Institutes of Health).

Cell proliferation assay {#s14}
------------------------

WT and *Trem2*-KO primary microglial cells were seeded into 96-well culture plates at a density of 6 × 10^4^ cells/well and were cultured for 48 h after GM-CSF withdrawal. After administration with purified Fc or sTREM2-Fc fusion protein for 24 h, the cell proliferation was assessed using BrdU ELISA kit (Abcam) according to the manufacturer's instruction.

Cell viability assay {#s15}
--------------------

WT and *Trem2*-KO primary microglia cells were seeded into 96-well culture plates at a density of 5 × 10^4^ cells/well and were cultured for 48 h after GM-CSF withdrawal. After administration with purified Fc or sTREM2-Fc fusion protein for 24 h, the cells were assessed for viability using Cell Proliferation Assay (MTS) according to the manufacturer's instruction.

TUNEL assay {#s16}
-----------

WT and *Trem2*-KO primary microglial cells were seeded into 24-well culture plates at a density of 1 × 10^5^ cells/well and were cultured for 48 h after GM-CSF withdrawal. The cells were then treated with purified Fc or sTREM2-Fc fusion protein for 24 h. After washing three times with 1× PBS, the cells were fixed for 15 min with 4% paraformaldehyde (PFA), and then permeabilized with 0.2% Triton X-100 for 5 min. Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay was performed with the DeadEnd Fluorometric TUNEL System (Promega) or the In Situ Cell Death Detection kit (Roche) according to the manufacturers' protocol. For DAPI staining, cells were further stained for 1 min, and then washed twice with 0.1% PBST for 15 min. Coverslips were mounted on glass slides using anti-fade reagent (Life Technologies) and observed under A1R Plus confocal microscope (Nikon). After photomicrography, apoptotic nuclei were counted and analyzed.

Stereotaxic injection and preparation of brain samples {#s17}
------------------------------------------------------

WT or *Trem2*-KO mice at 7--8 mo of age were anesthetized and placed in a stereotaxic frame, a skin incision was made and holes were drilled at x (±2.0 mm from bregma) and y (--2.2 mm from bregma). A total of 3 µg in 1.5 µl vol of Fc or sTREM2-Fc protein were delivered at 0.20 µl/min at z-depths of 2.0 mm. The syringe was left in place for 10 min after each injection, before being withdrawn slowly. 24 h after injection, mice were anesthetized and perfused with ice-cold PBS. For biochemical analysis, hippocampi from the left brain were dissected out, snap frozen in liquid nitrogen, and stored at --80°C for extraction of protein and RNA. For histological analysis, right brain hemispheres were fixed in 4% PFA overnight at 4°C and transferred to 30% sucrose for 48 h, before being embedded for cryostat sectioning.

Immunohistochemistry and microscopy {#s18}
-----------------------------------

12-µm-thick cryosections were washed in 1× PBS for 15 min, and then permeabilized in 5% normal donkey serum and 0.2% Triton X-100 for 1 h, followed by overnight incubation with TREM2 and Iba1 antibodies at 4°C. The cryosections were washed with 1× PBS for 30 min and treated with the Alexa-fluorophore--conjugated secondary antibodies for 1 h at room temperature. Sections were stained with DAPI (5 µg/ml), washed, and mounted with anti-fade reagent (Life Technologies). For confocal microscopy, 15-µm z-stacks (consisting of 31 optical slices of 0.5 µm thickness) were acquired using an A1R Plus confocal microscope and used for analysis of the areas of microglial cell body and the lengths of processes.

Online supplemental material {#s19}
----------------------------

Fig. S1 shows the functions of untagged sTREM2 and mouse sTrem2 in microglia. Fig. S2 shows that sTREM2 inhibits microglial apoptosis and induces the production of cytokines independent of DAP12. Fig. S3 shows that sTREM2 can carry out its function in microglia without the need for internalization.
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